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1. Introduction

The energetic ions observed at geocentric distances from
near geosynchronous orbit to 4 RE (i.e. on Mcllwain L
shells from <7 to 4) near the equator have been extensively
studied (e.g. Mcllwain, 1972, Smith and Hoffman, 1974,
Ejiri et al., 1980, Kistler et al., 1989). Many of the ener-
getic ions in this region are on open drift paths and eventu-
ally leave the magnetosphere through the dayside magne-
topause. For a given radial distance the separation between
open and closed drift paths is relatively well defined. Ions
on the open drift paths do not generally become part of the
permanent ring current but represent a ‘partial’ ring current
which has a classic ‘nose’ (Smith and Hoffman, 1974) sig-
nature. The properties of these ion distributions in conjunc-
tion with sophisticated modeling have been used to inves-
tigate the Earth's convection electric field (Mcliwain, 1972)
and to test models of magnetosphere convection. Most of
the observations of ions on L shells inside of geosynchro-
nous orbit have been made from satellites in equatorial
orbits. Observations from polar orbiting satellites (e.g.
Shirai et al. 1997; Kistler et al. 1998) have been made at
lower altitudes significantly removed from the equator
where charge exchange and off-equatorial effects complicate
the use of ion spectra to infer large scale magnetospheric

configuration or dynamics.

The Polar satellite has observed many instances of ‘nose’
events but here we focus on the occurrence of very narrow,
in energy, convection features, especially those that show
multiple discrete energy structures extending to very low
L’s. We will examine in detail a Polar traversal of the post-
noon magnetosphere and show the ion convection signa-
tures observed over a wide range of energies on L shells <
6 and compare the results with expectations. We will also
provide some preliminary statistics on the occurrence ot
such events in the Polar data including those that show
only a single discrete energy feature in addition to the nor-
mal ring current energy profile.

2. Instrumentation

NASA's Polar satellite was launched into a2 x 9 R
orbit with 86° inclination in February 1996. Polar carried a
full complement of particle instruments. More impor-
tantly, Polar sampled the equatorial region near ~2.5 Rg
and high latitudes to ~9 Ry geocentric. The instrumentation
used for this study provides complete mass resolved ion
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Figure 1. MICS ion spectrogram for 1000-1400 UT on Feb-
ruary 9, 1998. Each panel is labeled with the ion type plotted.
DCR is a MICS total-ion channel. The ion energy flux is plot-
ted in panels 1-9 according to the gray-scale bars. Panel 10
shows the DCR angular distribution integrated over the energy
range 1-220 keV/q.

spectra over the range from thermal to 220 keV/q. Here we
use data from the CAMMICE/ MICS (Wilken et al.,
1992), TIMAS (Shelley, et al, 1995.) and HYDRA
(Scudder, et al, 1995) sensors on POLAR. The MICS sen-
sor measures the fluxes, angular distributions and charge
states of the major jons (H*, He*, He™, O<**, 0> in the
energy range from ~1 to 220 keV/q. TIMAS measures the
fluxes and angular distributions of these major ions in the
energy range from 15 to 32000 eV/q. HYDRA measures
the electron and total-ion fluxes and angular distributions
for energies from 10 to 20000 eV/q. Such measurements
allowed us to observe complicated signatures of magneto-
sphere convection that may be used to infer characteristics
of the temporal and spatial properties of ions in the plasma
sheet and outer plasmasphere.

3. Observations

The February 9, 1998 convection feature event is typi-
cal of many such events observed on Polar, such as the
September 3, 1997 event discussed by Peterson et al
(1998). Figure 1 shows a multi-panel summary of the Feb-
ruary 9, 1998 event from the MICS perspective. The ion
energy fluxes [keV/(cm? s sr keV)] are coded as indicated by
the gray-scale bars to the right of each panel. The lowest
energy measurements made by MICS are only on a mass
per charge basis (see panels 6-8). The energy fluxes of He**
(panel 3), He* (panel 2) and O%** (panel 4) are measured for
energies >2, >18 and >40 keV/q respectively. As is obvi-
ous from Fig. 1, there were few He*, He* and O* ions
above these MICS thresholds. This is borne out by
TIMAS data (not shown) which observed weak fluxes of
these ions, below the MICS sensitivity level for energies

> 1 keV/q. Panel 10 of Fig. 1 shows the MICS total-ion
angular distribution integrated over the energy range 1-220
keV/q and provides a sense of the gross angular distribu-
tions of the ions plus an indication of the pitch angle cov-
erage of the MICS data.

During the period of interest, Polar was in the 15-16
MLT region of the inner magnetosphere . Polar was in the
near earth plasma sheet and ring current from ~1025-1505
UT. The minimum L value obtained was L~3.5 at 1125
UT near 15.7 MLT. During Polar’s traversal of the inner
magnetosphere, spectra with multiple energy peaks were .
observed in the MICS, TIMAS, and HYDRA data. These
appear in Fig. 1 as distinct bright traces in the energy-time
domain (e.g. Fig. 1 panel 9). The Polar traversal spanned
the inner magnetosphere twice from L>12 down to L~3.5
first at high southern magnetic latitudes and low altitudes (-
77°<MLAT<-18°; 1.98<R<3.45 R) then northward at
higher altitudes and somewhat lower magnetic latitudes
(-18°<MLAT<39°; 3.45<R<6.8 Rg) near 13-17 MLT.

Close examination of Fig. 1 shows that there are mul-
tiple discrete energy features in these spectrograms in the
interval 1045-1300 UT and that these are seen in all the
major ions. These are particularly clear in panels 1, 2, 6, 7,
8 and 9. Panel 10 of Fig. 1 shows the angular distribution
of the >1 keV/q ions which, for the most part, had trapped
distributions during the period of interest. However, near
1300 UT there was a short interval where a separate field
aligned population was observed. Near 1100 UT MICS
only sampled to within 20° of the field line direction.
These angular distributions will be compared with the
TIMAS data below.

Fig. | shows that all the ions had the same discrete
energy peaks and that these peaks or ‘traces’ are continuous
in L and observed down to ~3 keV/q (see panel 9) in the
MICS data. These same traces, plus others, were observed
in the TIMAS and HYDRA data (not shown). In particular,
the low energy TIMAS and HYDRA data showed there was
significant structure in the <1 keV/q ion fluxes. (The
HYDRA data were separated into parallel, perpendicular,
and anti-parallel to B fluxes). The energy structure was
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Figure 2. Radial profile of the energy peaks from Fig. | and
from the HYDRA data (not shown). The symbols labeled Mx
are from MICS and those labeled Hx are from HYDRA. Data
from CEPPAD/IPS were used to complete the ring current ra-
dial profile at the highest energies.



most clear in the HYDRA fluxes antiparallel to B and least
clear in the perpendicular fluxes. This was consistent with
the TIMAS ion angular distributions that will be discussed
below. There were also discrete energy features or traces
like those of Fig. 1 in the HYDRA electron data but they
will not be discussed here.

We extracted the energies of the spectral peaks for all
the traces from all three data sets and have replotted those
from MICS and HYDRA as peak-energy versus L in Fig-
ure 2 (Mx symbols are from MICS and Hx symbols from
HYDRA data). The normal ring current energy versus L
profile, as extracted from the MICS and CEPPAD IPS
(Blake et al., 1995) data, is also shown in Fig. 2 (top
curve). Each trace is identified separately in the legend. The
solid and open symbols making up a single trace indicate
when data from both instruments were used to construct the
profile (e.g. points M2 and H5). The M1 and H4 traces in
Fig. 2 can be compared to the lowest energy traces in Fig.
1 panels 7 and 8 for He and O. The low energy He and O
ions clearly match the H4 trace of Fig. 2 which was ob-
tained from the HYDRA data. The M2 and H5 from Fig. 2
match the higher energy He and O traces in Fig. 1 panels 7
and 8. M2 and HS also matched the TIMAS H*, O* and He*
traces (not shown). Thus, three (four with IPS) independent
measurements gave the same discrete energy structures and
they also indicated that these traces existed for all the major
ion species.

The agreement between the MICS and HYDRA data in
the energy overlap regions gives confidence that the discrete
energy peaks are real and not instrumental effects. We used
these E vs. L profiles in our modeling calculations de-
scribed below. As Fig. 2 shows, the ring current profiles
had a nominal L* dependence. All the other peak energy
traces were at energies below the ring current peak with
some having peak energies that were essentially independ-
ent of L (see curves M2, HS, M3, and M4) south of the
equator. Other traces had minimum energy near the equator
at L~3.5 with the peak energy maximizing near L=4.5-5.5.
The M1 and H4 curves in Fig. 2 correspond to the lowest
energy trace in Fig. 1 (Note: in Fig. 2 the H2_UB is the
upper bound energy of a separate low energy plasma popu-
lation and it is not clear whether H1 and H3 are the same
population or not.)

Figure 3 shows the TIMAS angular distributions for
H* and O* separated into two different energy groups, <5

< SkeVig
pitch angle, deg

>5 keVig
pitch angle, deg

1100 1130 1200 1230 1300 1330 1400

Figure 3. TIMAS H' and O angular distributions for 1030-
1400 UT on February 9, 1998. Top two panels are for ions < §
keV/q and bottom two panels are for ion > 5 keV/q.

Figure 4. AE for February 8-9, 1998,

keV/q and > 5 keV/q. The pitch angles cover the range 0-
360°, representing a complete Polar satellite rotation. The
>5 keV/q ions were peaked perpendicular to B throughout
the period of interest while the <5 keV/q ions had long
intervals where the ions were field aligned. In particular,
the O" ions were predominantly field aligned and relatively
intense during the 1040-1310 UT interval. The H* were
predominantly field aligned in the 1215-1310 UT interval.
Both were field aligned from 1320-1400 UT. This is to be
compared to the MICS >1 keV/q ions which were field
aligned only for a short time near 1300 UT (Fig. 1 panel
10). The combination of Fig. 1 and Fig. 3 plus the
HYDRA data (not shown) indicate that the field aligned
ions were mostly low energy, below the MICS threshold
of 1 keV/q. The TIMAS energy-time spectrograms (not
shown here) indicated there was a relatively (intense) flux
of <600 eV H* and O* ions present from ~1035-1325 UT.
The HYDRA data (also not shown) placed the inner edge of
the plasma sheet electrons (<1 keV) at 1330 UT. Thus, the
field aligned ions may be the high energy tail of the plas-
maspheric population or may correspond to a refilling of
the plasmasphere following the substorm activity from late
on February 8, 1998.

Figure 4 shows the quick look AE for the period of in-
terest. There was significant substorm activity late on Feb-
ruary 8 followed by a long period of relative quiet prior to
the Polar observations starting near 1030 UT. There was
some moderate activity from 1200-1400 UT during the
period when Polar was outbound in the northern hemi-
sphere. The WIND interplanetary magnetic field and the
solar wind plasma data plus the DMSP plasma convection
data (Anderson, 1998) showed that both the solar wind and
cross polar cap electric fields varied significantly just prior
to and during the period of Polar's traversal through the
inner magnetosphere. For example, the IMF turned south-
ward near 0900 UT on February 9, 1998. At the end of 8
February the solar wind electric field had been relatively
strong for about 6 hours (B,<-1.5 nT with minimum ~
-2.7 nT) and this continued into February 9 until about
0100 UT. At that time the B, turned northward until about
0830 UT when it turned southward modestly. The B,>0
period coincides with the period of low and zero AE in
Figure 4. The IMF B, changes are also reflected in the es-
timates of the cross-tail potentials shown in Figure 5. The
combination of an extended period of northward IMF (weak
solar wind electric field coupling to the magnetosphere) and
the corresponding inactivity at all auroral latitudes preced-
ing the Polar observations provides a quiet initial condition
for what ensued after 0830 UT. The weak to moderate
magnetospheric electric field that occurred in conjunction
with B, turning southward at 0830 UT had only ~2 hours
to modify the particle trajectories deep in the magneto-
sphere prior to the observations in Fig. 1. The subsequent
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Figure 5. Cross-tail potential used in simulation. Based on
hourly averages of the solar wind electric field and empirical
fit by Reiff et al. (1981) normalized to DMSP polar cap po-
tential drop observations.

fluctuations in the solar wind electric field may have been
responsible, in part, for the generation of some of the mul-
tiple ion convection signatures. As Fig. 4 and Fig. 5
show, this latter period had relatively weak activity.

The angular distributions of the ions can be used to
provide an indication of the source of the ions in the dis-
crete energy-time traces, especially at low energies. The
detailed angular distributions taken by MICS at several
energies were trapped or nearly isotropic with at most a
narrow loss cone. Thus, ions with >1 keV/q appeared to be
trapped, with no obvious local ionospheric source, and they
persisted in the face of charge exchange losses. As was
shown in Fig. 3, TIMAS observed much the same angular
distributions for energies > 5 keV/q. There are hints that
the > 5 keV/q O*, He* and He ™ angular distributions were
nearly isotropic around 1215 UT while the H" had a normal
trapping distribution with relatively empty loss cones.
This may indicate that the O* and He* ions were more re-
cently injected or that they were being more efficiently
scattered in pitch angle.

Fig. 3 shows that the <5 keV/q H* ions had normal
trapped angular distributions except for some intervals be-
yond ~1215 UT. The O* and He* (not shown) had field
aligned angular distributions starting near 1110 UT for O*
and near 1140 UT for He*. The He" did have partially filled
loss cones starting from 1110 UT. The He** had a highly
trapped distribution much like the H* in the 1115-1140 UT
interval. After 1147 UT the <5 keV/q He*™ had a weak field
aligned component and became essentially only field
aligned by 1155 UT. The H* ions became field aligned
starting near 1215 UT simultaneous with an intensification
of the field aligned O*. O* was dominantly field aligned
from ~1115 to 1400 UT. The O* was most intense for
pitch angles in the 150-180° range (see Fig. 3). As Polar
proceeded to high L the field aligned low energy ions per-
sisted until ~1300 UT. At later times they are sporadic.
Bursts of field aligned H*, O* and He* were observed on the
inner edge of the plasma sheet, which Polar entered near
1325 UT. The O* and He", showed that the field aligned
ions at the inner edge of the plasma sheet are not symmet-
ric relative to the field direction. Ion fluxes were higher
near 130-180° pitch angle than near 0-50°, after 1325 UT.
H* showed some preference for a field aligned distribution
favoring the 150-180° pitch angles after 1325 UT. He™ was
essentially at background beyond 1305 UT.

What can we infer from the angular distributions? The
energies of the field-aligned distributions correspond to
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Figure 6. Calculations of H+ trajectories in model electric
and magnetic fields for ions measured south (panels a-d) and
north (panels e-h) of the magnetic equator. The symbols refer
to Fig. 2. The range of first invariant covered by the observa-
tions are indicated. The outer boundary circle is at 12 R,

curves H3 and H2_UB in Figure 2. Thus, we argue that
these features were most likely generated by the field
aligned ions, especially the O*, He*and He** ions. We note
that the low energy HYDRA features were most clear for
the anti-field-aligned direction consistent with the TIMAS
observations. The fact that these field aligned distributions
favor ~180° when Polar was in the northern hemisphere
would argue for upflow from the northern ionosphere to-
wards the equator. Near the equator (~1115-1130 UT) the
ions were more perpendicular to B. This may indicate there
was strong heating or scattering occurring perpendicular-to-
B as the ions approached the equator.

4. Modeling

We used the empirical relationship of Reiff et al.
(1981) to relate the solar wind electric field to the cross tail
potential and derived the results of Fig. 5. There we show
the cross-tail potential drop which has been normalized to
available DMSP cross polar cap potential estimates
(Anderson, 1998) for February 8-9, 1998. The bottom-




most X-axis labeling shows the date and time while the
black labeling shows our simulation time. Fig. 5 shows
that the expected cross-tail potential was low between ~2
and 9 hours on Feb. 9, 1998 in agreement with Fig. 4.
(We used 35 kV as the quiet time value of the potential
drop.) In an attempt to understand how the discrete energy
traces in Figs. 1 and 2 could have arisen, we have traced H*
ion trajectories backwards in time from their observation
point to see where they may have originated. The ions were
traced according to a scheme described in Chen et al
(1993). The cross-tail potential shown in Fig. 5 was used
in the calculations. The trajectory results are shown in
Figure 6. Each panel corresponds to a single trace in Fig. 2
and is labeled using the plot symbol and legend labels from
Fig. 2. The ion trajectories were started at the observation
points along the polar trajectory. They were traced back-
wards in time until they either crossed the circular boundary
at L~12 or had traveled for 24 hours. As can be seen in
Figs 6a and 6b, the higher energy particles are predicted to
be on or close to closed drift shells. A slight increase in the
cross-tail potential drop would probably put al! the trajecto-
ries in Figs. 6a and 6b on open drift shells.

Fig. 6b and 6e-6h show that the higher energy ions
come from the post-midnight regions and the lower energy
ions from the pre-midnight region. Figure 7 shows trajec-
tories for quiet time cross tail potentials and four different
first invariant values. These can be compared to the trajec-
tories in Fig. 6. The lowest energy ions (Figs. 6g and 6h)
are nearly stagnant with some trajectories on closed drift
shells very close to the earth much like Figs. 7b and 7c.
Fig. 7b shows the so called ‘banana orbits’ which are simi-
lar to features seen in the trajectories of Fig. 6f-6h. These
latter trajectories correspond to the <5 keV/q ions that were
field aligned in Fig. 3. This argues that these ions may
have a local source such as the ionosphere, since ions ex-
ternal to the near earth regions with similar first invariant
values normally cannot access these near earth closed drift
shells.

While we have determined the drift times for H+ in the
model, we do not have the space here to present those de-
tailed results. Suffice it to say that the transport times rela-
tive to the substorm time (ref. Fig. 4) are consistent with
some, but not all of the observations. Transport time alone
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Figure 8. Sample statistics for convection features observed
by Polar/MICS in noon-midnight and dawn-dusk planes for 30
day intervals. K, is at the bottom of each panel

is unable to account for the multiple energy peaks observed
independent of whether the source regions are the distant
plasma sheet or a near geosynchronous injection boundary.

5. Statistics of convection features

We have gathered some preliminary statistics on the
occurrence of the discrete energy features or traces. We re-
quired that there be at least one trace and that it extend from
high (L>5) to low L. and that it be observed as Polar
crossed the magnetic equator. The traces were always in
addition to and occurred at energies below the peak of the
quite-time ring current. The peak energy of each observed
trace was determined at the magnetic equator. Some exam-
ples of the results are shown in Figure 8 where the energy
of the observed spectral peaks are plotted as a function of
time. Each panel represents a thirty day interval centered at
the MLT indicated. The L range of the equatorial crossing
point is also noted. The multiple spectral peaks or traces
from a given Polar orbit are connected by a vertical line. Kp
is plotted at the bottom of each panel (RH axis label) for
reference. A summary of the statistics for a seven month
period is given in Table 1. As Fig. 8 and Table 1 show,
the occurrence of spectral peaks or traces is greatest on the
dayside and least near midnight. For example, the dusk and
noon occurrence of at least one trace was 80% and 60%,
respectively. Generally, multiple traces occurred in associa-
tion with enhanced magnetic activity or during the recovery

Table 1. Traces at Magnetic Equator

MLT %0Orbits %Orbits with

Sector with traces multipe traces
noon 60 20
pre noon 21 10
post noon 51 7
dawn 54 21
dusk 80 15
pre midnight 41 5
midnight 30 2
post midnight 21 10




from such activity. Table 1 also shows the percentage of
orbits that had multiple traces. Again, the occurrence peaks
on the dayside of the magnetosphere , especially in the
noon and dawn-dusk sectors.

6. Discussion

Similar ion signatures have been observed in the inner
magnetosphere in the past. The classic nose events dis-
cussed by Smith and Hoffman (1974), Kistler et al., (1989)
and Sheldon et al. (1998) are one class of such events. In
fact, Sheldon et al. (1998) describes energetic ion traces
that are similar in energy to the M3 and MS5 traces of Fig.
2. We find the > 1 keV/q ions in these energetic features
have angular distributions peaked perpendicular to B
whereas Sheldon et al. (1998) argues that the ions are field
aligned and that they were accelerated to ~ 40 keV locally.
Unfortunately, the MICS and TIMAS instruments were
turned off during the Sheldon et al. (1998) event and could
not confirm the angular distributions nor provide the ion
composition.

For the February 9, 1998 event some ion features may
be consistent with the picture shown in Peterson et al.
(1998; their Fig. 3) with the difference that some of the
present observations argue for a source relatively close to
earth (3 Rg<R<geosynchronous altitude). This close-in
source corresponds to the region of field aligned low energy
ions observed by TIMAS in Fig. 3. The ionosphere is the
likely source of these ions based on the significant fluxes
of < 1 keV/q O* and He*. What is confusing, is why field
aligned H* was not present at all times with field aligned
O* and He". This we do not understand yet. If the low en-
ergy field aligned ion composition is ionospheric then we
would expect to observed significant fluxes of field aligned
H* too. There may be mass dependent acceleration proc-
esses occurring which favors the heavier ions over H*, such
as the ion cyclotron acceleration thought to generate conic
ion distributions at low altitudes in the auroral zone or
wave processes which are thought to heat the plasmas-
pheric ‘cloak’ (see Lin et al., 1992 and Singh and Horwitz,
1992 and references therein). This requires further study.

A second source for the ions observed on February 9,
1998 is the near-to-distant plasma sheet. Such ions can
come from deep in the tail or from a region such as the
injection boundary (Mauk and Meng, 1987). Along the
satellite trajectory, ions from both sources can co-exist.
The only difference is how and when they arrive at the sat-
ellite. For the more distant source, the different energy ions
take different paths. The multiple peaks in the ion distribu-
tions can be partially explained by the time dependent
transport. The different energy ions take different
times/paths to reach Polar and ions in the adjacent energy
intervals, the missing ions, either have not arrived by the
time of the satellite passage or their drift trajectories take
so long that they have been lost to charge exchange prior
to reaching Polar. Since the convection features are identi-
cal for all the major species, the drift times and source(s)
for the > | keV/q ions are not mass dependent. That is, all
species simultaneously had the same features at the same
energies. However, as noted above, the calculated drift
times cannot explain all the traces. We may have to search

for electric field configurations which are consistent with
the observed ion traces, much as was done by Mcllwain
(1972), or use more accurate models .

In summary, we have presented an example of multi-
ple ion-energy features in the inner magnetosphere. For
energies >1 keV/q these features appear to be partially but
not completely consistent with a standard picture of con-
vection inward from the plasma sheet under the influence of
the cross magnetosphere electric field with the twist of
time dependent electric fields and time-of-flight effects
thrown in. For energies <1 keV/q the ions appear to be
from a more local source as evidenced by the field aligned
angular distributions which could not be sustained in the
presence of charge exchange losses unless ions are continu-
ously being accelerated. The position of our observations
of these low energy ions is consistent with their playing a
role in plasmasphere refilling. In the future we will be trac-
ing > 1 keV ions in combined magnetic and time dependent
data driven electric field models to see if we can put con-
straints on the source regions for each of the ion features.
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